Changes in morphology of a geological fold are due to stress and internally exerting forces (IEFs). Such morphological changes can be quantified in terms of fractal dimensions. Stress and the fractal dimension are depicted in normalized scale as dimensionless parameters. Incorporating these parameters in a first order nonlinear difference equation that has physical relevance as the simplest viable model of a symmetric fold sustaining morphological changes, numerical simulations are carried out which are analogous to creep experiments. In the first experiment, the constant stress (.) is employed to model the morphological dynamical behaviour of highly ductile symmetric folds (HDSFs) that are postulated as they are precarious to stress and IEF, and will not supervene the state of brittleness during the evolution. In the second experiment, the time dependent stress that is changed according to a dynamical rule is used to model distinct dynamical behaviors of these HDSFs. The results arrived through computer simulations are the attractor interlimb angles (AIAs). Bifurcation diagrams are also depicted to show the dynamical behaviors concerning the change in the stress dynamics.
INTRODUCTION
The study of deformation in geological materials is one of the important tasks in structural geology. Fold one of such geological formations may be transformed due to mechanical properties. These transformations may be according to a rule through which one can predict the dynamical changes in folds. Several papers have emerged during the last decade, which cast the application of fractal concepts to study the fold mechanism. Several models are developed to study the folding processes and mechanisms [1] [2] [3] [4] [5] [6] [7] [8] . Behavior and fractures of rocks to the microcrack population [9] , coalescence of fractures [10, 11] and stickslip behavior [12] through renormalization group approach, and the fault models using fractals and homogenization concepts [13] were studied. The rate of deformation depends not only on the rock mechanical properties of the geological formations and the energy acting on it but also on the antecedent morphological state of the fold. The shortening and amplification in the symmetric folds can be seen due to variations in the stress and ductility of the fold. Ductile folds are precarious to stresses. Moreover, fluctuations in the stress dynamics result in variations in the dynamical behavior of a symmetric fold ranging from steady state to periodicity and chaotic. The random behavior of fold, from its inception of the formation, is due to stress dynamics and the internally exerting forces that randomly influence the fold. The ductile folds of vertical axial type are subjected in the present qualitative investigation. The significant point is that this study is based on the posits that the deformation in the ductile fold is not permanent, and also that it will not ensue the state of brittleness during the influence of stress dynamics. In particular, the present paper deals with a continuous phase transition in a symmetric fold under dynamical conditions by considering the simple first order nonlinear difference equation. The logic behind using this equation in regard to understanding the fold morphological dynamics is follows
The intensity of the cause can be derived from the effect. Such a derived cause might be in terms of various physical forces (stress & IEF).
The collectively acting coexisting physical forces is the cause to see its effect. This effect is in terms of deformation. Such a deformation can be quantified by means of an analytical value (e.g. fractal dimension [14] ). By considering this quantified parameter at discrete time intervals, the term called stress regulatory force can be derived. These fractal dimensions at discrete time intervals enable that whether the dynamics of fold is of nonlinear type. However, based on the instinctive argument, it is apprehended that the fold dynamics follows nonlinear rules. This intutive argument may be endured by the fact that due to heterogeneous nature of external and internal stress influence, folds may undergo compression, amplification, cascade of compression-amplification and shear over a time interval. This argument is also supported by a postulate that the successive phases of a fold undergoing dynamics may be nonoverlapping; moreover, the output in terms of fractal dimension of the fold undergoing dynamics may not be directly proportional to its input. This phenomenon is due to the fact that the stresses and internally exerting forces are divergently balanced at discrete time intervals. These unequally balanced forces act against each other. Therefore, it is also visualized that the morphological dynamics of a fold is nonlinear. To carry out computer simulations to visualize distinct possible behaviors concerning a change in control parameter, a first order nonlinear difference equation (see (1)-(3)) proposed elsewhere [15] , that has physical relevance as the simplest possible model of a HDSF undergoing morphological changes, is considered as the basis to further derive the Eqs. (4)- (7) and (11)-(14) . Hence, qualitative studies have been carried out on understanding the fold morphological dynamics, and the acting stress dynamics of fold, by considering the first order nonlinear difference equation.
The organization of this paper is as follows. The definition of symmetric folds and the basic equations that are considered to study these symmetric folds are described in the Sections 2 and 3 respectively. In Sections 4 and 5, the procedure to compute the interlimb angles (IAs) of symmetric folds undergoing dynamics, and the relation between the normalized fractal dimensions and the IAs of these symmetric folds are respectively given. These sections are followed by the functional iteration to study the fold dynamical behavior and the computation of metric universality by considering the IAs 
DEFINITION OF SYMMETRIC FOLDS WITH 3 (FOLD TYPE I) AND 2 (FOLD TYPE II) LIMBS
The description of the morphology of a fold pattern is mainly concerned with the outcrop of its profile. Generally, the nose of the fold is described as round or angular. If the limbs of a fold are of equal lengths, the fold is said to be symmetric (e.g. chevron or concordian .fold) [16] . A typical asymmetric fold pattern is shown in Fig. (b) where one limb length differs with that of two other limbs. In this paper two types ofupright symmetric folds ofvertical axial type (e.g. zig-zig, chevron, or accordion folds) with rigid limbs (Fig. l(a) and (c)) are considered. An upright symmetric fold (i.e. dip of the axial surface) with three limbs (Fig. l(a) ) with the following specifications is studied:
Fold pattern should have three limbs (N=3) with equal lengths (L); (L1 L2--L3), forming an anticline and a syncline.
The angles (01, 02) between the two successive limbs should be equal (01 02).
The distance of vertical projection, d, should be greater than the length of a rigid limb (d> L L2 L3).
An upright symmetric fold with two limbs (Fig. l(c) will grow bigger that is, a change in ct will get amplified. This is the fold shortening due to relatively high stress. However, ct cannot increase indefinitely because of the mechanical properties of the geological material make up of the stratum.
4A(1-ct) becomes smaller than 1, and the subsequent values must diminish. In the context of fold dynamics, this is fold stretching (amplification) due to high impact of exerting forces that dominate the stress. To determine the stability concerning incessantly acting stress with different magnitudes, a linearized analysis may be conducted through the studies of the dynamical behaviors of a model that is described by the first order difference equation, which consist in finding constant equilibrium solutions.
Fold Morphological Dynamics Under the Influence of Time Dependent Stress
In contrast to the fold dynamics, under the influence of constant stress, the behavior variations may be observed when stress is made time dependent. This idea is induced from the following statement of
Ruelle 17]. It states that the behavior of a dynamical system can be studied with adiabatically fluctuating parameters where the control parameter has a very slow variation in time and this time dependence itself might be determined by a dynamics. This is the origin to consider the stress as a time dependent parameter that controls the fold morphological dynamics. Besides this, the logic behind using the time dependent stress dynamics (TDSD) is that the complexity of fold morphological dynamics depends on the complexity of stress dynamics. Hence, in understanding the fold dynamics, the dynamics of the stress should also be understood. (Mandelbrot, 1982) , in normalized scale c to describe the change in morphology of the fold, and the constant (A) and the time dependent stress regulatory parameter (At) to describe the detailed form of forces and fluxes in the proposed equations (4)- (7) and (11)- (14), the dynamical behavior of symmetric fold types I and II that may behave from stable to chaotic can be quantified.
Fold type I Equations (4) and (5) Fold type H Equations (6) and (7) are proposed to compute the IA for the symmetric fold type II which is under evolution according to a rule of Eq. (2). These equations, (6) and (7), are proposed respectively for both constant (A) and time dependent (At) stress regulatory parameters: 
The above expressions give the NFD of the symmetric folds with three limbs and two limbs. DT}} DT}]/2).
Symmetric fold dynamical behaviors can be studied by these equations. (Fig. 3(a) ). During this evolution progressive compressions are followed by amplification randomly. In Fig. 3(a) the fold amplification in the fold profile can be seen due to higher internal forces than the CSD parameter. These observations can be seen from the numerically represented parameters depicted in Table II . This fold evolution process is represented qualitatively through graphic analysis. It represents the qualified dynamical behavior of the evolving fold in a quantitative manner. Figure 4(a) shows the return map, in which chaotic behavior of the trajectory can be seen. In Fig. 3(b) , symmetric fold was compressed progressively. The compression is due to horizontal stress. It may be observed that after discrete time t=5, the fold has reached equilibrium state. This evolution is also qualitatively represented through graphic analysis in Fig. 4(b with the results for the autonomous fold dynamical system which is controlled by the non-time-dependent stress regulatory parameter. Return maps are plotted for the low dimensional deterministic randomness of the dynamical system of time dependent stress regulatory parameter (/t + /t VS "t + 2 "t + 1) ( Fig. 5(a) - (c) (11), (13) and (12), (14) respectively for the two symmetric fold dynamical systems under the influence of constant and time dependent stresses Table III and IV. The difference in the AIAs from the type I to type II symmetric folds is apparent. The variation is also observed in the AIAs in these two types of folds when they are subjected to the dynamical rules that include TDSD and CSD (Table IV) (Table V) .
COMPUTATION OF METRIC UNIVERSALITY BY CONSIDERING THE AIAs OF SYMMETRIC FOLDS UNDER DYNAMICS
This analysis is shown to have better understanding that this data is following deterministic randomness, that is each successive value depends on the value of its predecessor. The time dependent stress dynamical system is also represented as return maps (At + At vs t + 2 "t + 1) for the # 0.9, 0.95 and 0.9925. Figure 5 (a)-(c) illustrates these return maps. These illustrations allow for qualitative understanding of the stress dynamics that follow the deterministic randomness.
Period Locking
Period locking is identified between the dynamics of the stress regulatory parameter and the dynamics of the fold system. From the fold dynamics that is being controlled by time dependent stress regulatory parameter, one can see that the dynamics of the time dependent stress regulatory parameter is enslaved to the dynamics of the fold system. The dynamics of stress regulatory parameter is following period two, however, the dynamics of the fold system that is being controlled by this controlled stress dynamics follows the period 4. This "period locking" is observed between the # the stress regulatory parameter in the modulated logistic system, values 0.848 and 0.860. This possibility of the periodic locking in the modulated fold dynamical system needs to be described by analyzing the physical forces of specific range. This needs to be compared in a meaningful way with the stress regulatory control parameter represented as a numerical value (i.e., # < > 0). It is interesting to see how the dynamics of the stress regulatory parameter is enslaved to the dynamics of fold morphological behavior between the values of 0.848 and 0.860 (Table V) .
Bifurcation Diagrams
Fold Dynamics Under the Influence of Constant Stress
In Fig. 7(a) Fig. 7(a) ) is the information regarding the history of folding that can be studied, provided the initial state of the symmetric fold and the control parameter that controls the fold dynamics are precisely computed.
Dynamical System Under the Influence of TDSD
The influence of TDSD on fold dynamical behavior is depicted through bifurcation diagram (Fig. 7(b) ). This is controlled by considering Eqs. (12) Due to modulation by TDSD, changes between the bifurcation diagrams ( Fig. 7(a) and (b) ) are observed. The fundamental difference is that the bifurcation occurs earlier than in the case of the fold dynamics under the influence of constant stress dynamics from the observed bifurcation orders. The normal feature in the modulated system is the crossing-over of the inner bifurcation branches in the 4-cycle region. It lacks the symmetry of the bifurcation structure of the fold dynamical systems that is influenced by the CSD.
CONCLUSIONS
We have studied the highly ductile nature of symmetric fold dynamical behaviors that are controlled by the constant and the time dependent stress modulated parameters respectively through numerical simulations. In particular we discuss the computations of the changing AIAs at respective stress modulated parameters which are used to control the behavior of fold dynamical system.
Equations are proposed to compute IA of these symmetric folds undergoing dynamical changes, which encompass the rule that is ensued to transform the folds and certain specifications of the folds. Bifurcation diagrams are described to show how these symmetric folds under dynamics behave under the change of constant stress control parameter, A, and the strength of stress modulated parameter, #, to control TDSD, At. The AIAs (0") are shown on the bifurcation diagrams. By considering these AIAs, equations are also proposed to compute metric universality. The periodic nature of the phase changes in the fold morphological dynamics is studied using the time dependent and constant stresses that follow a dynamical rule. Interesting conclusions are arrived at in terms of variations in the AIAs of the fold following these two dynamical rules. These theoretical conclusions have an important bearing when considering strategies for the understanding of geological fold dynamics; more generally, when considering the behaviors ofnatural time series data in a range of geological situations where folding is taking place. This type oftime series data indicate that the possibility of predicting predictability depends on the degree of randomness in the behavior of the dynamical system. From the time series data, attractor can be constructed in phase space. The dimension of the attractor provides the possibility of predicting predictability.
Low dimensional attractors of dynamical systems allow the behavior to be predicted through some nonlinear equations. However, as the dimensionality of the attractor that describes the behavior of dynamical system is high, the predictability becomes difficult. These two types of systems are termed as the dynamical systems that follow deterministic randomness and the natural randomness in their behaviors. Generally, the system that follows deterministic randomness will possess the strange attractor of which the dimensionality is low. The assumptions considered as the bases are that the dynamics of both fold morphology and the acting 298 B.S. DAYA SAGAR stress possess the low dimensional attractors. To infer whether the attractor of fold morphological dynamics posesses the low dimensionality, a long time series data is required. This deterministic approach emphasizes to give certain possible behaviors of fold dynamics with the respective critical states represented by IAs. It is concluded that the critical states of symmetric folds under dynamics depend on the stress that influences the fold, and the initial state of the fold. With the aid of the SSM parameter and the specifications of initial state of symmetric fold, graphic analysis may be carried out to investigate the history of folding. Such an investigation, to find out the critical states of several possible behaviors, will shed light on predicting the fold dynamical behaviors. The dynamically transforming symmetric fold with different time dependent and constant stress controlling parameters was shown for a better qualitative understanding. This qualitative study is an attempt as an example for academic interest to furnish the interplay between numerical experiments and analytical theory. This maiden attempt is considered as a preliminary effort to introduce bifurcation theory for the understanding of the dynamical behavior of symmetric folds. In brief, this paper presents a maiden attempt to show how a symmetric fold can modify its shape, in particular the interlimb angle, through a nonlinear first order difference equation. This approach could be valid as a potential application of these equations to a geological problem to resolve real fold cases. However, with historical data available, the phase that the fold has undergone can be studied by investigating the fold at different time intervals to fit the equations. From such derived equations, assumed to be first order nonlinear difference equations, as the underlying dynamical rule in the present qualitative investigation, our understanding of the fold dynamics will certainly be enhanced.
